INTRODUCTION
Endothelial cells (EC) are involved in many pathological conditions as a consequence of their exposition in the vas-culature (Cines et al 1998) , and increasing evidences indicate that they play a pivotal role in the progression, control, and resolution of the inflammatory response (Keller et al 2003; Valujskikh and Heeger 2003) . Exposition to proinflammatory stimuli induces EC activation and promotes vasoconstriction, leukocyte adhesion, coagulation, and thrombosis through the expression of proinflammatory genes. Because this situation could lead to EC injury and apoptosis, the proinflammatory gene expression must be tightly regulated through the induction of protective genes, among which are A20, Bcl-2, and Bcl-x L, also known as antiapoptotic molecules (Bach et al 1997) . The molecular events regulating the inhibition of apoptosis and the soluble mediators of EC cytoprotection are responsible for the ''preconditioned'' status, an adaptation condition effective in protecting vasculature against a wide array of insults (Carini and Albano 2003) .
In this context, genes other than the well-described antiapototic ones, could exert protective effects. Among these, heat shock proteins (HSPs) have been reported to protect against environmental stressors and are considered as the first response in nonphysiological conditions (Morimoto et al 1994a; Hartl 1996) . Members of the HSP70 family act as molecular chaperones, helping new synthesized proteins to be folded and transported across membranes. Members of the HSP70 family are widely distributed in many cellular compartments; some of them are constitutively expressed (Hsc70), whereas others are induced by several stressors (Hsp70) (Li et al 1991; Morimoto et al 1994a; Stege et al 1994) . During a stress event, Hsp70s prevent misfolding and promote the proteolytic degradation of damaged proteins, thus acting as surviving factors and apoptosis inhibitors (Buzzard et al 1998) .
Also Hsp32, or Hemeoxygenase (HO)-1, the rate-limiting enzyme in the heme catabolism, has been demonstrated to prevent inflammation and EC injury in different models (Otterbein et al 1999 (Otterbein et al , 2003 Otterbein and Choi 2000; Duckers et al 2001; Bulger et al 2003) . Therefore, both Hsp70 and Hsp32 exert protective effects and are putative candidates against inflammatory disorders because their induction is independent on the main proinflammatory transcription factor nuclear factor (NF)-B activation (Stuhlmeier 2000) .
Another important molecule involved in the control of inflammatory process is the vascular endothelial growth factor (VEGF). It is well known that VEGF acts as a regulator of physiological and pathological angiogenesis as well as a permeability factor, effective in inducing vascular leakage (Ferrara et al 2003) . Apart from these activities, VEGF acts as a survival signal, being effective in inhibiting the apoptosis process induced by a variety of stimuli such as hyperoxia (Alon et al 1995) , growth-factor withdrawal, extracellular matrix disruption (Watanabe and Dvorak 1997) , and lipopolysaccharide (LPS) (Munshi et al 2002) .
LPS is a highly proactive molecule that causes in vivo a systemic inflammatory response syndrome in which vascular injury is responsible for most of the pathophysiological changes (Gotloib et al 1992; Goddard et al 1996) . In vitro, LPS activates the inflammatory pathway in different cellular types, including EC (Bannerman and Goldblum 2003) .
On the basis of all these considerations, this study aimed at determining whether a continuous LPS exposure is effective in inducing apoptosis and in stimulating Hsp70 and Hsp32 production and VEGF secretion in primary cultures of porcine aortic endothelial cells (PAEC); another aim was to verify whether these molecules are effective in modulating LPS-induced apoptosis.
MATERIALS AND METHODS

Cell isolation and culture
Thoracic aortic traits were collected from adult pigs at a local slaughterhouse. After collection, aortas were washed in sterile Dulbecco Phosphate Buffer Solution (DPBS, Cambrex Bio-Science INC, Wakersville, MA, USA), ligated at the ends, and transferred to the laboratory within 1 hour on ice. After ligation of all arterial side branches, aortas were canulated with modified syringe cones and silicone tubes to set up a closed system. The vessels were gently flushed with DPBS to remove residual blood, then they were filled with DPBS added with 0.2% collagenase (Sigma Chemical Company, St Louis, MO, USA) and clamped at both ends. After 20 minutes of incubation at 37ЊC, the collagenase solution was collected and the vessels were washed with DPBS. The solutions were pooled and centrifuged at 800 ϫ g for 10 minutes. The cellular pellet was resuspended in 1 mL human endothelial basal growth medium (Gibco-Invitrogen, Paisley, UK) supplemented with 5% fetal bovine serum (Gibco-Invitrogen) and 1% antibiotics-antimicotics (Gibco-Invitrogen). Cell number and viability (85-90%) were determined using a Thoma chamber under a phase-contrast microscope after vital staining with trypan blue dye. Approximately 3 ϫ 10 5 cells was placed in T-25 tissue culture flasks (T25-Falcon, Becton-Dickinson, Franklin Lakes, NJ, USA) in a 5% CO 2 atmosphere at 38.5ЊC. The cells were maintained in a logarithmic growth phase by routine passages every 2-3 days at a 1:3 split ratio.
To confirm their endothelial origin, cultured cells were grown in slide chambers (Falcon, Becton-Dickinson) for 24 hours, they were then fixed with ethanol:acetic acid (2: 1) and stained with 1:200 rabbit polyclonal anti-human factor VIII (Dako A/S, Glostrup, Denmark), 1:100 mouse monoclonal anti-porcine CD31 (Serotec LTD, Oxford, UK), and 1:25 rat monoclonal anti-porcine Caderine (Serotec LTD) antisera. Primary antibodies were added in a humidified chamber for 1 hour at room temperature (RT); fluorescein isothiocyanate (FITC)-conjugated secondary antibodies were then added (1:800 dilution in DPBS). The cells were then counterstained with propidium iodide and examined under an epifluorescence microscope (Eclipse E600 Nikon, Japan) equipped with fluorescein (FITC) and tetramethylrhodamine (TRITC) filters and with a Nikon digital camera.
Cell treatments
Cells between third and eighth passage were grown in a flat-bottom 24-well assay plate (Falcon, Becton-Dickinson) as described above. PAEC were exposed to 10 g/mL LPS (E. coli 055:B5, Sigma) for 1, 7, 15, and 24 hours (time-course experiments) and to 1, 10, and 100 g/mL LPS for 7 and 15 hours (dose-response experiments). Hemin, a widely recognized Hsp32 inducer (5, 20, 50 M, H5533, Sigma), and recombinant VEGF (100 and 200 ng/ mL, V3513, Sigma), were added to the culture 2 hours before LPS (10 g/mL for 24 hours). To induce Hsp70 expression, cells were heat shocked (42ЊC for 1 hour) 15 hours before adding LPS (10 g/mL for 24 hours). Cells and media were then collected and stored until assays.
Cell apoptosis
Vybrant Apoptosis Assay Kits
The Vibrant Apoptosis Assay Kit no. 2 (Molecular Probes Europe, Leiden, The Netherlands) combines a fluorescent annexin V conjugate with other indicators of metabolic activity and plasma membrane permeability for the rapid detection of live, apoptotic, and dead cells. According to the manufacturer's instruction, cells were harvested, washed, and incubated with Alexa Fluor 488 annexin V. Cells were counterstained with propidium iodide and incubated for 15 minutes at RT; cells were then deposited onto slides and observed under an epifluorescence microscope.
Sandwich enzyme-linked immunosorbent assay for histone-associated DNA fragment PAEC were plated (4 ϫ 10 4 /well) in a 24-multiwell plate and were grown to confluence. After each treatment, according to the manufacturer's instructions (Cell Death Detection Elisa Plus 1774425, Roche, Penzberg, Germany), cells were harvested in lysis buffer and the cytoplasmic and nuclear fractions were separated by centrifugation at 200 ϫ g. Twenty microliters of supernatant (cytoplasmic fraction) was added to a streptavidin-coated microtiter plate. A biotin-labeled antihistone antibody was added, followed by a horseradish peroxidase (HRP)-conjugated anti-DNA antibody. The photometric analysis of the reaction produced by the peroxidase and substrate permitted the quantification of the nucleosome-bound DNA fragments.
TUNEL Assay
The apoptosis-induced chromatin fragmentation in PAEC was evidenced by using the ApopTag Fluorescein in situ apoptosis detection Kit (S7110-Kit, Intergen Company, NY, USA) according to the manufacturer's instruction. In brief, after each treatment, cells were fixed in 70% icecold ethanol, then incubated first with terminal deoxynucleotide transferase enzyme for digoxigenin deoxynucleotide triphosphate (dNTP) incorporation (30 minutes at 37ЊC), and, after several washings, incubated with antidigoxigenin-fluorescein antibody (30 minutes at RT in the dark). Cells were counterstained with propidium iodide and observed under an epifluorescence microscope.
VEGF determination
VEGF concentrations in culture media of both kinetic and dose-response experiments were determined by an enzyme-linked immunosorbent assay (ELISA, Quantikine; R&D Systems, Minneapolis, MN, USA) previously validated for the measurement of porcine VEGF (Mattioli et al 2001; Galeati et al 2003) . The sensitivity of the assay was 5 pg/mL, and the intra-and interassay coefficients of variation were less than 6% and 10%, respectively.
Western blot analysis
Cells from dose-response and time-dependence experiments were harvested and lysated in sodium dodecil sulphate (SDS) buffer (Tris-HCl 62.5 mM, pH 6.8; SDS 2%, glicerol 20%). Protein content of cell lysates was determined by a protein assay kit (Sigma). Aliquots containing 10 g of proteins were separated on NuPage 10% Bis-Tris Gel (Gibco) for 50 minutes at 200 V. Proteins were then electrophoretically transferred onto a nitrocellulose membrane. Blots were washed in phosphate buffer saline (PBS) and protein transfer was checked by staining the nitrocellulose membranes with 0.2% Ponceau Red and the gels with Comassie Blue. Nonspecific protein binding on nitrocellulose membranes was blocked with 3% milk powder in PBS-0.1% Tween-20 (T20) for 3 hours at RT. The membranes were then incubated with a 1:1000 dilution of an anti-Hsp70 (SPA 810, Stressgen, Victoria, BC, Canada) monoclonal antibody or with a 1:2000 dilution of an anti-Hsp32 (SPA 896, Stressgen) polyclonal antibody in tris-buffered saline-T20 (20 mM Tris-HCl, pH 7.4, 500 mM NaCl, 0.1% T-20) overnight at 4ЊC. After several washings with PBS-T20, the membranes were incubated with the secondary biotin-conjugate antibody and then with a 1:1000 dilution of an antibiotin HRP-linked antibody. The Western blots were developed using a chemiluminescent substrate (Bio-Rad Laboratories Inc, Hercules, CA, USA) according to the manufacturer's instruc- tions. Membranes were stripped and reprobed for ␤-tubulin (Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA) to normalize the results. The relative protein content was determined by the density of the resultant bands and expressed in arbitrary units relative to the ␤-tubulin content, using the Quantity One Software (Bio-Rad).
Statistical analysis
Each treatment was replicated 3 or 6 times. Data were analyzed using the one-way analysis of variance by the SPSS program version 8.0 (SPSS Inc, Chicago, IL, USA). Results are expressed as mean Ϯ SEM. A probability of at least P Ͻ 0.05 was considered significant.
RESULTS
Three to five PAEC flasks (T-25) were obtained on average from 15 cm aorta trait. The cells reached confluence (10 6 cells/flask) in 2-3 days. Virtually almost all the cells were stained positively for the 3 antibodies with a correct immunolocalization (pictures not shown), thus demonstrating to be endothelium derived.
LPS-induced apoptosis in PAEC
Both dose-response and time-course experiments demonstrated that LPS induces apoptosis in PAEC. The results obtained by the 3 methods used (Fig 1) were coincident and showed that EC death was due to apoptosis, being necrotic cells less than 2% as indicated by both TU-NEL and annexin tests (Fig 1C, D) . EC apoptosis was not affected by 1 g/mL LPS but was significantly (P Ͻ 0.001) stimulated in a dose-dependent manner by the higher doses (Fig 1A) . When exposed to 100 g/mL LPS for 15 hours, EC showed a massive apoptosis death, so these data were excluded. The time-course experiment showed that the percentage of apoptotic EC increased with time, becoming significantly (P Ͻ 0.001) higher than controls after 7 hours (Fig 1B) .
LPS-induced Hsp70 and Hsp32 expression and VEGF secretion
Western blot for Hsp70 and Hsp32 showed a single band of expected molecular weight for both proteins (Figs 2A,  B and 3A, B) . As shown in Figure 2 , in control cells, Hsp70 and Hsp32 were always detected at basal levels. Hsp70 and Hsp32 expression was unaffected by 1 g/ mL LPS but was stimulated by 10 and 100 g/mL LPS in a dose-dependent manner after 7 hours (Fig 2C) . In the time-course experiments with 10 g/mL LPS, both Hsp70 and Hsp32 expressions reached the maximum level after 7 hours of LPS exposure; after 15 hours of stim- ulation, Hsp70 expression returned to basal level, whereas Hsp32 expression decreased more slowly (Fig 3C) .
VEGF concentration in culture media of LPS-stimulated cells was significantly higher (P Ͻ 0.05) than that in control after 7 hours and reached a plateau after 15 hours (Fig 4A) . LPS stimulated VEGF secretion in a dose-dependent manner after 7 hours (Fig 4B) .
LPS-induced apoptosis as modulated by Hsp32, Hsp70, and VEGF
Hemin exposure upregulated Hsp32 expression in a dose-dependent manner (Fig 5A) , with maximum effect at 50 M. As shown in Figure 5B , hemin (20 and 50 M) significantly (P Ͻ 0.001) reduced LPS-induced apoptosis. Heat shock upregulated Hsp70 expression (Fig 6A) but failed to reduce LPS-induced apoptosis (Fig 6B) .
VEGF addition did not protect cells against LPS-induced apoptosis at any dose tested (Fig 7) ; nevertheless, when treatments were associated, a reduction of LPS-induced apoptosis was always observed (Fig 8) . The reduction was maximal when all the treatments (HS ϩ hemin ϩ VEGF) were associated.
DISCUSSION
EC injury is a common finding in the pathogenesis of several diseases including atherosclerosis (Chen and Keaney 2004) , hypertension (Blann 2000) , and congestive heart failure (Katz 1997) . During bacterial sepsis, EC death is the final step of a process beginning when quiescent ECs are induced to express procoagulant, proadhesive, and vasoconstrictive factors. EC activation has been extensively studied in in vitro models, but this experimental approach needs to be carefully monitored because of the tendency of EC to lose specific functions as culture time increases (Cines et al 1998) . For this reason, we set up a protocol of PAEC isolation and culture and we used only cells from the third to the eighth passage.
Results from this study demonstrate that LPS induces apoptosis in primary PAEC culture; these findings are in agreement with those obtained in other species both in vitro (bovine: Frey and Finlay 1998; ovine: Hoyt et al 1995; human: Pohlman and Harlan 1989) and in vivo (murine: Koshi et al 1993; rabbit: McCuskey et al 1996; ovine: Meyrick 1986) .
Our data indicate that the increase of apoptosis is timecourse dependent till 15 hours, whereas the apoptotic rate was added to the culture medium 2 hours before LPS exposure (10 g/mL for 24 hours). Data represent the mean Ϯ SEM of 6 replicates. Different letters indicate significant differences (P Ͻ 0.001). ELISA, enzyme-linked immunosorbent assay; Hsp, heat shock protein; LPS, lipopolysaccharide.
Fig 6. Effect of (HS) treatment on Hsp70 expression and LPSinduced apoptosis. (A) Heat shock stimulates Hsp70 expression.
The cells were heat shocked (HS ϭ 42ЊC for 1 hour) and recovered at different times (1, 7, 15, 24 hours). Data represent the mean Ϯ SEM of 3 replicates. Different letters indicate significant differences (P Ͻ 0.05). (B) Hsp70 stimulation fails to reduce LPS-induced apoptosis. Apoptosis is represented as fold of increase vs control on the basis of the sandwich ELISA for histone-associated DNA fragments. The cells were heat shocked (HS ϭ 42ЊC for 1 hour) and then cultured in standard conditions for 15 hours before LPS exposure (10 g/mL for 24 hours). Data represent the mean Ϯ SEM of 6 replicates. Different letters indicate significant differences (P Ͻ 0.001). ELISA, enzyme-linked immunosorbent assay; HS, heat shock; Hsp, heat shock protein; LPS, lipopolysaccharide.
increase after this time is not significant, possibly as a consequence of the synthesis of protective molecules. A wide range of nonphysiological conditions, including heat, UV light, ionizing radiation, toxic chemicals, and heavy metals, have been demonstrated to be effective in inducing the well-known ''heat shock response'' by stimulating cells to synthesize Hsps (Morimoto et al 1994a) . Among these, Hsp70 and Hsp32 show cytoprotective effects and are putative candidates against inflammatory disorders because their induction is independent on the main proinflammatory transcription factor NF-B activation (Stuhlmeier 2000) .
LPS ability to induce HSPs expression is contradictory. In an in vivo mouse model, LPS alone failed to induce Hsp70 and Hsp32 expression (Morikawa et al 1998) , whereas Fujiwara et al (1999) demonstrated a differential induction of Hsp32 and Hsp70 in rat brain after intraperitoneal LPS injection. Results from this study show an LPS-induced upregulation of both Hsp70 and Hsp32, with Hsp70 less induced than Hsp32. Moreover, LPS failed to induce a continuous protein synthesis, and both Hsp70 and Hsp32 decreased after a peak. We may hypothesize that HSPs increase during the first period of treatment could protect the cells by reducing the amount of factors, as denaturated proteins, effective in activating heat shock genes (Morimoto et al 1994a) . A sort of preconditioning mechanism may be hypothesized: HSPs increase during the first hours of LPS exposure could be responsible for the later cellular protection, as recently described in many in vivo models (Rosenzweig et al 2004; Wang et al 2004) . Therefore, to verify whether Hsp70 and Hsp32 may be, at least in part, responsible for cellular protection against LPS-induced apoptosis, we induced their expression with specific stimuli (heat shock for Hsp70 and hemin for Hsp32) before challenging cells with LPS. In our model, Hemin strongly upregulated VEGF fails to reduce LPS-induced apoptosis. Apoptosis is represented as fold of increase vs control on the basis of the sandwich ELISA for histone-associated DNA fragments. Recombinant VEGF (100 or 200 ng/mL) was added to the culture media 2 hours before LPS exposure (10 g/mL for 24 hours). Data represent the mean Ϯ SEM of 6 replicates. Different letters indicate significant differences (P Ͻ 0.001). ELISA, enzyme-linked immunosorbent assay; LPS, lipopolysaccharide; VEGF, vascular endothelial growth factor. The maximum protective effect was obtained by the association of the 3 treatments (VEGF, hemin, heat shock). Apoptosis is represented as fold of increase vs control on the basis of the sandwich ELISA for histone-associated DNA fragments. Data represent the mean Ϯ SEM of 6 replicates. Different letters indicate significant differences (P Ͻ 0.001). ELISA, enzyme-linked immunosorbent assay; LPS, lipopolysaccharide; VEGF, vascular endothelial growth factor.
Hsp32 expression and protected cells against LPS-induced apoptosis. These results are in agreement with those of , who demonstrated that HO-1 stimulation protects porcine renal epithelial cells against Escherichia coli toxin-mediated apoptosis.
On the contrary, Hsp70 induction failed to reduce apoptosis. These data are conflicting with those of Komarova et al (2004) , who evidenced Hsp70 ability to suppress apoptosis through binding the precursors of both caspase-3 and caspase-7. It should be taken into account that LPS has been shown to be effective in stimulating many different caspases, including 3, 6, and 8 (Bannermann and Goldblum 2003) , it is likely that, in our model, Hsp70 induction did not counterbalance multiple LPSinduced apoptotic signals. Because of the well-known thermoinducibility of other HSPs such as small HSPs (Morimoto et al 1994b) , our results could also suggest that these molecules are not involved in the protection mechanism(s) against LPS-induced apoptosis.
Other molecules, such as VEGF, could possibly contribute to reduce LPS-induced apoptosis, as demonstrated by Munshi et al (2002) . For this reason, we determined VEGF secretion and we observed an increase in VEGF production by LPS-stimulated PAEC. These results are in agreement with those obtained by others, reporting a VEGF production by LPS-stimulated macrophages (Itaya et al 2001) and myocites (Sugishita et al 2000) . Interestingly, a Hsp32-mediated VEGF upregulation has been reported by Jozkowicz et al (2003) ; this finding agrees well with our findings showing a different time-course response between VEGF and Hsp32, with Hsp32 expression preceding VEGF secretion. Also, because a VEGF-induced HSP32 expression has been reported in vivo (Bussolati et al 2004) , a positive feedback between these 2 molecules may be hypothesized. To test its effective protective role, we added recombinant VEGF to the culture media before LPS exposure, but, quite surprisingly, we did not observe any protective effect. Interestingly, although recombinant VEGF and Hsp70 alone failed to reduce LPS-induced apoptosis, their association exerted a positive effect; nevertheless, further investigation is required to elucidate the possible interaction between these molecules. Finally, multiple treatments always induced a protective effect; in particular, the combination of VEGF, heat shock, and hemin resulted in the maximal LPS-induced apoptosis reduction, thus suggesting that these molecules could act through different pathways with a possible synergic effect.
Taken together, the present data demonstrate that LPS is effective in inducing apoptosis in PAEC and in evoking the heat shock response with an increase of nonspecific protective molecules (namely, Hsp70 and Hsp32) and of a specific EC growth factor, VEGF; the protective role of Hsp32 was also demonstrated. Further investigations are required to clarify the synergic effect of Hsp32, Hsp70, and VEGF by elucidating the possible interaction between these molecules.
